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Abstract
We complete the calculation of the wino-nucleon scattering cross section up to
the next-to-leading order in αs. We assume that the other sparticles are decoupled
and wino interacts with the Standard Model particles via the weak interaction.
As a result, the uncertainties coming from the perturbative QCD are significantly
reduced to be smaller than those from the nucleon matrix elements. The resultant
scattering cross section is found to be larger than the leading-order one by about
70%, which is well above the neutrino background. In the limit of large wino
mass the spin-independent scattering cross section with proton turns out σpSI =
2.3 +0.2−0.3
+0.5
−0.4 × 10−47 cm2 (errors come from perturbative calculation and input
parameters, respectively). The computation for a generic SU(2)L multiplet dark
matter is also presented.
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1 Introduction
Weakly-interacting massive particles (WIMPs) are promising candidates for dark matter
(DM) in the Universe. Many theoretical models beyond the Standard Model predict
WIMPs and it is known that the thermal WIMP scenario can explain the present energy
density of dark matter in those models. The early stage of the experiments at the Large
Hadron Collider, however, has found no evidence for new physics near the electroweak
scale so far. In particular, the experiments give severe bounds on new colored particles,
such as gluino and squarks in the supersymmetric (SUSY) models [1]. This situation
may imply that most of the new particles in the high energy theory have masses much
larger than the electroweak scale and only a WIMP, probably accompanied with some
non-colored particles, is accessible in the TeV-scale experiments.
The current experimental consequences would fit in with a simple SUSY breaking
scenario. If the SUSY breaking is induced by non-singlet chiral superfields (as is often
the case with the dynamical SUSY breaking [2]), gaugino masses are induced by the
anomaly mediation mechanism [3,4] and thus suppressed by a loop factor compared with
the gravitino mass. A generic Ka¨hler potential gives masses of the order of the gravitino
mass to scalar particles and higgsino. In this framework, the neutral wino is found to be
the lightest SUSY particle and thus becomes a candidate for dark matter in the Universe.
Actually, its thermal relic abundance explains the observed energy density of DM if the
wino DM has a mass of 2.7 − 3.1 TeV [5]. For relatively light wino DM, on the other
hand, the non-thermal production via the late time decay of gravitino could be invoked
to provide the correct abundance of DM [6, 7]. As this scenario [4, 8] requires the SUSY
breaking scale to be much higher than the electroweak scale, a relatively heavy mass for the
Higgs boson is predicted [9], which is consistent with the observed value mh ' 125 GeV
[10]. Such a high SUSY-breaking scale is phenomenologically desirable since it relaxes
the SUSY flavor and CP problems [11], the dimension-five proton decay problem [12],
and some cosmological problems [13]. Gauge coupling unification is found to be still
preserved with good accuracy [14]. For these reasons, the wino DM scenario attracts a
lot of attention, and its phenomenology has been studied widely.
A lot of efforts have been dedicated to searching for the wino DM. A robust constraint
is provided by the Large Hadron Collider experiment; charged winos with a mass of
270 GeV or less have been excluded at 95% C.L. [15]. For prospects of the wino search in
future collider experiments, see Ref. [16]. On the other hand, signal of the wino DM may
be detected in cosmic ray observations. Since the wino DM has large annihilation cross
section [17,18], cosmic rays from annihilating winos are promising tools to detect the wino
DM indirectly. The mass of wino DM M is constrained as 320 GeV ≤ M ≤ 2.25 TeV
and 2.43 TeV ≤ M ≤ 2.9 TeV at 95% C.L. [19] by using gamma ray data from dwarf
spheroidal galaxies provided by Fermi-LAT collaboration [20]. Gamma rays from the
Galactic center provided by the H.E.S.S. [21] may give a strong limit on the wino DM,
though the consequences are quite dependent on the DM density profile used in the
analysis [22]. Developments in both theory [23] and observation enable us to probe a
wide range of mass region of the wino DM in future indirect detection experiments.
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Direct detection of dark matter is another important experiment to study the nature
of dark matter. Currently the most stringent limits are provided by the LUX exper-
iment [24]; it sets an upper limit on the spin-independent (SI) WIMP-nucleon elastic
scattering cross section as σSI < 7.6× 10−46 cm2 at a WIMP mass of 33 GeV. Moreover,
various future projects with ton-scale detectors are now ongoing and expected to have
significantly improved sensitivities. To test the wino DM scenario in the direct detection
experiments, one needs to evaluate the wino-nucleon scattering cross section precisely,
with the theoretical uncertainties being sufficiently controlled. This scattering is induced
by loop diagrams if the higgsino and squarks are much heavier than wino [25]. At present,
the leading order (LO) calculation for the scattering cross section is given in the litera-
ture [26–29]; in these works, the SI scattering cross section with a nucleon is evaluated as
σSI ∼ 10−47 cm2. For other relevant works, see Refs. [30,31]. Since the predicted scatter-
ing rate of the wino DM is larger than those of the neutrino backgrounds [32], one expects
that the future direct detection experiments may eventually catch a signal of the wino
DM. However, it was pointed out by the authors of Ref. [31] that the present calculation
may suffer from large uncertainties. They further found that these uncertainties mainly
come from the neglect of the higher order contribution in perturbation theory, not from
the error of the nucleon matrix elements, which may alter the SI cross section by a factor.
To reduce the uncertainties, therefore, we need to go beyond the LO calculation.
In this paper, we complete this calculation up to the next-to-leading order (NLO) in the
strong coupling constant αs. For this purpose, we first reformulate the computation based
on the effective theoretical approach. The relevant interactions are expressed in terms of
the effective operators, whose Wilson coefficients are given up to the NLO with respect to
αs. The coefficients are evolved down to the scale at which the nucleon matrix elements
of the effective operators are evaluated, by means of the renormalization group equations
(RGEs). This procedure allows us to include the NLO QCD effects systematically.
The rest of the paper is organized as follows. In the next section, we describe the
formulation mentioned above. All of the matching conditions as well as the RGEs are
presented here. Then, in Sec. 3, we show our results for the SI scattering cross section
and discuss the uncertainties of the calculation. In Sec. 4, we also present the results for
a generic SU(2)L multiplet DM. Those who are interested in a quick reference may find
our results in these two sections. Section 5 is devoted to conclusion and discussion.
2 Formalism
In this section, we give a formalism to evaluate the SI scattering cross section of the wino
DM with a nucleon. We will carry out the calculation up to the NLO in the strong coupling
constant αs. The formalism given here is based on the method of effective field theories,
which consists of the following three steps. Firstly, we obtain the effective operators
at the electroweak scale µW ' mZ (mZ is the mass of the Z boson) by integrating
out heavy particles whose masses are not less than the electroweak scale. This step is
carried out in terms of the operator product expansions (OPEs). Secondly, we evolve
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the Wilson coefficients of the effective operators using the RGEs down to the scale at
which the nucleon matrix elements of the operators are evaluated. Finally, we express
the SI effective coupling of a wino DM with a nucleon in terms of the Wilson coefficients
and the nucleon matrix elements. From this effective coupling, one readily obtains the SI
scattering cross section.
2.1 Effective Lagrangian
First let us formulate the effective Lagrangian which gives rise to the SI interactions of
the wino DM with quarks and gluon. The effective Lagrangian comprises two types of the
higher dimension operators—the scalar and the twist-2 type operators—as follows [33]:
Leff =
∑
i=q,G
CiSOiS +
∑
i=q,G
(CiT1OiT1 + CiT2OiT2) , (2.1)
with
OqS ≡ mqχ¯0χ0q¯q ,
OGS ≡
αs
pi
χ¯0χ0GaµνG
aµν ,
OiT1 ≡
1
M
χ¯0i∂µγνχ0Oiµν ,
OiT2 ≡
1
M2
χ¯0(i∂µ)(i∂ν)χ0Oiµν , (2.2)
Here χ0, q, and Gaµν denote the wino DM, quarks, and the field strength tensor of gluon
field, respectively; mq are the masses of quarks; M is the mass of the wino DM; Oqµν and
OGµν are the twist-2 operators of quarks and gluon, respectively, which are defined by #1
Oqµν ≡
1
2
qi
(
Dµγν +Dνγµ −
1
2
gµν /D
)
q ,
OGµν ≡ Gaρµ Gaνρ −
1
4
gµνG
a
ρσG
aρσ , (2.3)
with Dµ the covariant derivative. These effective operators are renormalized at the elec-
troweak scale µW ' mZ with Nf = 5 active quarks (q = u, d, s, c, b). The Wilson coef-
ficients of the operators are to be determined below. Notice that we have included the
strong coupling constant αs/pi in the definition of the gluon scalar-type operator OGS [35].
We will discuss the validity in the next subsection.
2.2 Nucleon matrix elements
In order to compute the scattering cross section of the wino DM with a nucleon, we need
the nucleon matrix elements of the scalar and twist-2 type quark and gluon operators
#1We have changed the definition of OGµν by a factor of −1 from those in Refs. [26–28,33]. We follows
the conversion in Ref. [34].
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Table 1: Mass fractions computed with the lattice simulations of QCD [36,37].
Proton Neutron
f
(p)
Tu
0.019(5) f
(n)
Tu
0.013(3)
f
(p)
Td
0.027(6) f
(n)
Td
0.040(9)
f
(p)
Ts
0.009(22) f
(n)
Ts
0.009(22)
presented above. Since these two types of the operators do not mix with each other under
the renormalization group (RG) flow, it is possible to consider these two types separately.
For the scalar-type quark operators, we use the results from the QCD lattice sim-
ulations. The values of the mass fractions of a nucleon N(= p, n), which are defined
by
f
(N)
Tq
≡ 〈N |mq q¯q|N〉/mN , (2.4)
are shown in Table 1. Here mN is the nucleon mass. They are taken from Ref. [29], which
are computed with the recent results of the lattice QCD simulations [36,37].
The nucleon matrix element of OGS , on the other hand, is evaluated by means of the
trace anomaly of the energy-momentum tensor in QCD [38]:
Θµµ =
β(αs)
4αs
GaµνG
aµν + (1− γm)
∑
q
mqqq . (2.5)
Here the beta-function β(αs) and the anomalous dimension γm are defined by the following
equations:
β(αs) ≡ µdαs
dµ
, γmmq ≡ µdmq
dµ
, (2.6)
whose explicit forms will be given in Eqs. (2.37) and (2.38), respectively. By putting the
operator (2.5) between the nucleon states at rest, we obtain
〈N |αs
pi
GaµνG
aµν |N〉 = mN 4α
2
s
piβ(αs;Nf = 3)
[
1− (1− γm)
∑
q
f
(N)
Tq
]
. (2.7)
This formula is obtained with Nf = 3 quark flavors. Notice that the relation (2.5) is an
operator equation and thus scale-invariant. This is because the energy-momentum tensor
is corresponding to the current of the four momentums, which is a physical quantity
and thus not renormalized. As a consequence, Eq. (2.7) should hold at any scales. We
will evaluate the matrix element at the hadronic scale µhad ' 1 GeV in the following
calculation.
Since β(αs) = O(α2s), the r.h.s. of Eq. (2.7) have a size of O(mN). Namely, although
we include a factor of αs/pi in the definition of OGS , its nucleon matrix element is not
suppressed by the factor. It should be also noted that the scalar-type quark operator
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Table 2: Second moments of the PDFs of proton evaluated at µ = mZ . We use the CJ12
next-to-leading order PDFs given by the CTEQ-Jefferson Lab collaboration [39].
g(2) 0.464(2)
u(2) 0.223(3) u¯(2) 0.036(2)
d(2) 0.118(3) d¯(2) 0.037(3)
s(2) 0.0258(4) s¯(2) 0.0258(4)
c(2) 0.0187(2) c¯(2) 0.0187(2)
b(2) 0.0117(1) b¯(2) 0.0117(1)
mq q¯q is scale-invariant to all orders in perturbation theory (in a mass-independent renor-
malization scheme) and then the matrix element is independent of the scale at the LO in
αs. This is another reason for our definition of OGS .
Finally, the nucleon matrix elements of the twist-2 operators are given by the second
moments of the parton distribution functions (PDFs):
〈N(p)|Oqµν |N(p)〉 = mN
(pµpν
m2N
− 1
4
gµν
)
(q(N)(2;µ) + q¯(N)(2;µ)) , (2.8)
〈N(p)|OGµν |N(p)〉 = −mN
(pµpν
m2N
− 1
4
gµν
)
g(N)(2;µ) . (2.9)
with
q(N)(2;µ) =
∫ 1
0
dx x q(N)(x, µ) , (2.10)
q¯(N)(2;µ) =
∫ 1
0
dx x q¯(N)(x, µ) , (2.11)
g(N)(2;µ) =
∫ 1
0
dx x g(N)(x, µ) . (2.12)
Here q(N)(x, µ), q¯(N)(x, µ) and g(N)(x, µ) are the PDFs of quark, antiquark and gluon in
nucleon at the scale µ, respectively. Contrary to the case of the scalar matrix elements,
we have the values of the PDFs at various scales. In Table 2, for example, we present
the second moments at the scale of µ = mZ . Here we use the CJ12 next-to-leading order
PDFs given by the CTEQ-Jefferson Lab collaboration [39]. It turns out that with the
definition of the gluon twist-2 tensor given in Eq. (2.3), the second moment for gluon g(2)
is of the same order of magnitude as those for quarks so that the r.h.s. of Eqs. (2.8) and
(2.9) are O(mN). This justifies the definition (2.2), where we do not include a factor of
αs/pi in the definition of OGT1 and OGT2 . Our definition for the gluon operators (OGS , OGT1 ,
and OGT2) clarifies the order counting with respect to αs/pi [35].
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Figure 1: Diagrams for wino-nucleon scattering.
2.3 Wilson coefficients
Now we evaluate the Wilson coefficients of the effective operators at the electroweak
scale µW to the NLO in αs/pi. We use the MS scheme in the following calculation. The
scattering of a pure neutral wino χ0 with a nucleon is induced via the weak interactions
accompanied by the charged winos χ±. The interaction Lagrangian is given by
Lint = g2χ0 /Wχ+ + h.c. , (2.13)
where g2 and Wµ are the SU(2)L gauge coupling constant and the W boson, respectively.
Since the winos do not couple to the Higgs field directly and the mass difference ∆M
between the neutral and charged winos is radiatively generated after the electroweak
symmetry breaking, ∆M is much smaller than the DM mass itself or other masses which
enter into our computation; according to the recent NLO computation given in Ref. [40],
∆M ' 165 MeV. Therefore, we safely neglect it in the following discussion.
Before looking into the details of the calculation, we first summarize the procedure
of the computation as well as the approximations we have used in the calculation. In
Fig. 1, we show the diagrams which induce the couplings of wino DM with quarks and
gluon, respectively [26–29]. These diagrams are classified into two types; one is the
Higgs exchange type like the upper two diagrams and the other is the box diagrams
corresponding to the lower two. We separately discuss each two type.
The Higgs contribution only induces the scalar-type operators. For the NLO-level
calculation, we need to evaluate the two- and three-loop diagrams for the quark and
gluon scalar-type operators, respectively.
For the box-type contribution, on the other hand, the NLO-level calculation requires
us to determine the Wilson coefficients of the operators mq q¯q,
αs
pi
GaµνG
aµν , and Oiµν to
O(αs/pi). We first carry out the OPEs of the correlation function of the electroweak
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Table 3: Number of loops in diagrams relevant to the O(αs/pi) calculation for each oper-
ator. We also show where we neglect the third generation contribution at the NLO. Here
“−” means that there is no contribution or the contribution vanishes.
Operators Higgs Box
Parton Type LO NLO LO NLO
Quark Scalar CqS 1-loop 2-loop - 2-loop
(1st&2nd) Twist-2 CqT1,2 - - 1-loop 2-loop
Quark Scalar CbS 1-loop 2-loop 1-loop 2-loop (neglected)
(b-quark) Twist-2 CbT1,2 - - 1-loop 2-loop (neglected)
Gluon Scalar CGS 2-loop 3-loop 2-loop 3-loop
(1st & 2nd) Twist-2 CGT1,2 - - - 2-loop
Gluon Scalar CGS 2-loop 3-loop 2-loop 3-loop (3rd gen. neglected)
(3rd) Twist-2 CGT1,2 - - - 2-loop (3rd gen. neglected)
currents, as described in Refs. [27,28]. For the scalar operators, the NLO contribution to
the OPEs of the correlation functions of vector and axial-vector currents is evaluated in
Ref. [41] in the degenerate quark mass limit for each generation. The results are directly
applicable to the contribution of the first two generations in our calculation since all of the
quarks of the generations may be regarded as massless. Concerning the third generation
contribution, the mass difference between top and bottom quarks is significant, and thus
the mere use of the results in Ref. [41] is not justified. Their contribution is, however,
found to be small compared with those of the first two generations. In our calculation, we
neglect the NLO contribution of the third generation, and take into account the effects as
a theoretical uncertainty. The Wilson coefficients of the twist-2 operators are evaluated
in Ref. [42] to O(αs/pi) in the massless limit. It is again not possible to use the results
for the contribution of the third generation, and thus we will drop the contribution and
estimate the effects as a theoretical uncertainty. By evaluating the W boson loop diagrams
with this correlation function, we then obtain the Wilson coefficients of the operators in
Eq. (2.2).
As a result, CqS, C
i
T1
, and CiT2 are computed at the two-loop level, while C
G
S is evaluated
at the three-loop level. In Table 3, we summarize the number of loops in diagrams relevant
to the NLO calculation for each contribution. They complete the NLO matching condition
for each Wilson coefficient at the electroweak scale µW . In addition, we show in the table
where we ignore the third generation contribution. As we will see below, the effect of
dropping the NLO third-generation contribution is actually negligible.
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2.3.1 Higgs exchange
The Higgs exchange processes are induced by the effective coupling of the wino DM with
the Higgs boson. They only give the scalar-type interactions as we show in Table 3.
In the case that the wino DM is close to the electroweak eigenstate, the coupling is
generated at one-loop level:
Lχχh = −1
2
cH(w) χ¯
0χ0h0 , (2.14)
where w ≡ m2W/M2 with mW and M being the masses of W boson and wino, respectively,
and cH(w) =
g32
(4pi)2
gH(w). Here gH(x) is a mass function presented in Ref. [26].
#2 By using
the effective coupling we readily obtain the LO matching condition for the scalar-type
quark operators as
CqS(µW )|LO =
α22
4mWm2h
gH(w) . (2.15)
Here mh is the mass of the Higgs boson and α2 ≡ g22/(4pi). To evaluate the NLO matching
condition, one needs to evaluate the QCD corrections in the full and effective theories at
two- and one-loop levels, respectively. These corrections turn out to be equivalent, and
thus the matching condition does not differ from the above equation, i.e.,
CqS(µW ) =
α22
4mWm2h
gH(w) , (2.16)
to the NLO in perturbation theory.
For the scalar-type gluon operator, the one-loop long-distance contribution by the
scalar-type quark operators is subtracted from the two-loop contribution in the full theory
so that only the top-quark contribution is included in CGS . Then, we have [38]
CGS (µW )|LO = −
α22
48mWm2h
gH(w) . (2.17)
At the NLO, the above expression is modified to [43,44]
CGS (µW ) = −
α22
48mWm2h
gH(w)
[
1 +
11
4pi
αs(µW )
]
. (2.18)
Notice that it contains no logarithmic terms like those containing a factor of ln(mt/µW ).
This is because αs
pi
GaµνG
aµν is renormalization-group invariant up to this order in pertur-
bation theory.
#2 The mass functions used in text are collected in Appendix A.
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2.3.2 Box type
Let us move on to the contribution of the box diagrams. They induce both scalar-type
and twist-2 operators. To compute the effective operators, we first consider the OPEs of
the correlation function of the charged currents:
ΠWµν(q) ≡ i
∫
d4xeiq·x T
{
JWµ (x)J
W
ν (0)
†} , (2.19)
where
JWµ ≡
∑
i=1,2,3
g2√
2
uiγµPLdi , (2.20)
with PL ≡ (1 − γ5)/2. We evaluate the Wilson coefficients of the scalar and twist-2
operators in the OPEs up to the NLO in αs/pi.
We first consider the scalar part. It is convenient to decompose the correlator into the
transverse and the longitudinal parts as
ΠWµν(q)|scalar =
(
−gµν + qµqν
q2
)
ΠWT (q
2) +
qµqν
q2
ΠWL (q
2) , (2.21)
where
ΠWT (q
2) =
∑
q
cqW,S(q
2;µW )mq q¯q + c
G
W,S(q
2;µW )
αs
pi
GaµνG
aµν . (2.22)
Here we give only the transverse part since the longitudinal one does not contribute to
CqS and C
G
S [27,28]. As for the contribution to the scalar-type quark operators of the first
two generations, there is no O(α0s) term since the charged current JWµ is pure chiral (we
take small quark mass limit for q = u, d, s, c, b). Thus, only the one-loop diagrams are
relevant in this case. It readily follows from the results given in Ref. [41], in which the
correlation functions for vector and axial currents are evaluated with the OPEs, that
cqW,S(q
2;µW ) = −αs(µW )
4pi
g22
q2
, (2.23)
for q = u, d, s, c. On the other hand, the tree-level contribution of the bottom quark to
the scalar-type operator does not vanish because of the large top-quark mass. We have
cbW,S(q
2;µW ) =
g22m
2
t
8(q2 −m2t )2
. (2.24)
Here, as mentioned above, we neglect the NLO contribution and take its effects into
account as a theoretical uncertainty. The gluon contribution of the first two generations
is also obtained straightforwardly from Ref. [41]. The contribution of the third generation
quarks, however, is not evaluated reliably by means of the method used in Ref. [41] due
to the large mass of top quark. Here again, we neglect the NLO effects and consider them
as a theoretical uncertainty. As a result, we obtain
cGW,S(q
2;µW ) =
g22
48q2
[
2×
(
1 +
7
6
αs(µW )
pi
)
+
(
q2
q2 −m2t
)]
, (2.25)
9
where the first and second terms in bracket correspond to the contribution of the first two
generations and the third generation, respectively.
Next, we consider the twist-2 part. For the contribution of q = u, d, s, c to the quark
twist-2 operators, the relevant parts are written as
ΠWµν(q)|Q(1,2) =
∑
q=u,d,s,c
g22
2
[
−
(
gµρgνσq
2 − gµρqνqσ − qµqρgνσ + gµνqρqσ
(q2)2
)
cqW,2
+
(
gµν − qµqν
q2
)
qρqσ
(q2)2
cqW,L
]
Oqρσ . (2.26)
The Wilson coefficients cqW,2 and c
q
W,L are evaluated in Refs. [42] as follows:
cqW,2(µW ) = 1 +
αs(µW )
4pi
[
−1
2
(
64
9
)
ln
(−q2
µ2W
)
+
4
9
]
,
cqW,L(µW ) =
αs(µW )
4pi
[
16
9
]
. (2.27)
For the third generation contribution, on the other hand, we take into account top mass
in the LO part and neglect the NLO part as mentioned above. As a result, we have
ΠWµν(q)|Q(3) = −
g22
2
1
(q2 −m2t )2
[
(q2 −m2t )gµρgνσ − gµρqνqσ − qµqρgνσ + gµνqρqσ
]
cbW,3Obρσ ,
(2.28)
with
cbW,3 = 1 +
αs(µW )
4pi
[
−1
2
(
64
9
)
ln
(−q2
µ2W
)]
. (2.29)
Note that we have included the logarithmic part though it is induced at the NLO; oth-
erwise, the Wilson coefficient shows wrong dependence on the factorization scale µW .
Finally let us derive the gluon twist-2 operator. It is always induced at O(αs/pi). For the
contribution of massless quarks, we use the results given in Refs. [42]. The result is
ΠWµν(q)|G(1,2) =
g22
2
[
−
(
gµρgνσq
2 − gµρqνqσ − qµqρgνσ + gµνqρqσ
(q2)2
)
cGW,2
+
(
gµν − qµqν
q2
)
qρqσ
(q2)2
cGW,L
]
OGρσ , (2.30)
where
cGW,2(µW ) = 4×
αs(µW )
4pi
[
−1
2
(
4
3
)
ln
(−q2
µ2W
)
+
1
2
]
,
cGW,L(µW ) = 4×
αs(µW )
4pi
[
−2
3
]
, (2.31)
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with a factor of four counting the number of the first two generation quarks. As before,
we neglect the NLO contribution of the third generation quarks but keep its logarithmic
part in order to guarantee the appropriate scale dependence. This reads
ΠWµν(q)|G(3) = −
g22
2
1
(q2 −m2t )2
[
(q2 −m2t )gµρgνσ − gµρqνqσ − qµqρgνσ + gµνqρqσ
]
× cGW,3OGρσ , (2.32)
with
cGW,3 =
αs(µW )
4pi
[
−1
2
(
4
3
)
ln
(−q2
µ2W
)]
. (2.33)
Then, the sum of the above contributions gives the total twist-2 contribution:
ΠWµν(q)|twist2 = ΠWµν(q)|Q(1,2) + ΠWµν(q)|Q(3) + ΠWµν(q)|G(1,2) + ΠWµν(q)|G(3) . (2.34)
Our remaining task is to obtain the Wilson coefficients of the effective operators in
Eq. (2.2) by computing another loop with the electroweak current correlator ΠWµν(q). For
the scalar-type operators, we have
CqS(µW ) =
α22
m3W
αs(µW )
4pi
[−12gB1(w)] , (for q = u, d, s, c) ,
CbS(µW ) =
α22
m3W
[(−3)gbtm(w, τ)] ,
CGS (µW ) =
α22
4m3W
[(
2 +
7
3
αs(µW )
pi
)
gB1(w) + gtop(w, τ)
]
, (2.35)
where τ ≡ m2t/M2. The mass function gB1(x) is given in Ref. [26], and gtop(x, y) and
gbtm(x, y) are equivalent to g
(1)
B3 (x, y) and g
(2)
B3 (x, y) in Ref. [28], respectively. These func-
tions are also presented in Appendix A.
For the twist-2 type operators, on the other hand, we have
CqTi(µW ) =
α22
m3W
[
gTi(w, 0) +
αs(µW )
4pi
(
−32
9
glogTi (w, 0;µW ) +
9
4
gTi(w, 0) +
16
9
hTi(w)
)]
,
CbTi(µW ) =
α22
m3W
[
gTi(w, τ) +
αs(µW )
4pi
(
−32
9
glogTi (w, τ ;µW )
)]
,
CGTi(µW ) =
α22
m3W
αs(µW )
4pi
×[
4×
(
−2
3
glogTi (w, 0;µW ) +
1
2
gTi(w, 0)−
2
3
hTi(w)
)
− 2
3
glogTi (w, τ ;µW )
]
,
(2.36)
where the functions gTi(x, y), hTi(x) and g
log
Ti
(x, y;µW ) are given in Appendix A. gTi(x, 0)
agrees with gTi(x) in, e.g., Ref. [26]. The terms proportional to g
log
Ti
(x, y) come from the
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Figure 2: Comparison of gtop(w, τ), gT1(w, τ), gT2(w, τ), and gbtm(w, τ) with gB1(w),
gT1(w, 0), gT2(w, 0), and gB1(w) in red solid, blue dotted, green dash-dotted, and gray
dashed lines, respectively, to show smallness of third generation contributions.
logarithmic terms in the OPEs of the correlation function of the charged currents, while
the terms with gTi(x, y) and hTi(x) are from the non-logarithmic terms in c
q/b/G
W,2 and c
q/G
W,L,
respectively. The NLO contribution to the gluon twist-2 operator is also given in Ref. [31].
Here we note that to obtain the proper dependence of the above coefficients on the scale
µW , we need to include all of the NLO corrections. Otherwise, the mismatch in the scale
dependence between the matching conditions and the RGEs causes large uncertainties.
To that end, it is important to appropriately perform the order counting with respect
to αs/pi. Especially, the two-loop contribution to C
G
Ti
should be regarded as the NLO in
αs/pi,
#3 not the LO, which is contrary to the case of the gluon scalar operator CGS ; in this
case, the two-loop contribution is the LO in αs/pi. Our convention for the definition of
the gluon operators clarifies this order counting.
As we have already commented several times, we neglect the NLO contribution of
the third generation quarks. Indeed, we expect that its significance is quite small, and
thus we safely regard it as a theoretical uncertainty. In Fig. 2 we compare the mass
functions corresponding to the LO third generation contributions with those of the LO
massless quark contributions, which corresponds to gtop(w, τ)/gB1(w), gT1(w, τ)/gT1(w, 0),
and gT2(w, τ)/gT2(w, 0). gbtm(w, τ)/gB1(w) is also shown as its contribution to C
G
S via in-
tegration of the bottom quark is given by−CbS/12. It is found that the LO third generation
contributions are smaller than those of the first and second generations by almost an order
of magnitude. Hence, we expect that the NLO contributions of the third generation are
also considerably small compared with those of the other two generations. This allows us
#3One may easily check that the logarithmic parts in the NLO contribution to the twist-2 operators
reproduce the one-loop RGEs presented in Sec. 2.4. This justifies the order counting discussed here.
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to ignore the third-generation NLO contribution, and treat it as a theoretical uncertainty.
2.4 Renormalization group equations and matching conditions
The effective operators are scale dependent and their scale evolution is described by the
RGEs. During the RG evolution, heavy quarks are integrated out around their mass scale.
Thus we need to match the theories above and below the threshold. Here we summarize
the RGEs and the matching conditions.
To begin with, we write down beta-function of αs and anomalous dimension of quark
mass operator:
β(αs) = (2b1)
α2s
4pi
+ (2b2)
α3s
(4pi)2
, (2.37)
γm = −6CF αs
4pi
, (2.38)
with b1 = −113 Nc + 23Nf , b2 = −343 N2c + 103 NcNf + 2CFNf . (Nc = 3 is the number
of colors, Nf denotes the number of quark flavors in an effective theory and CF is the
quadratic Casimir invariant defined by CF ≡ N2c−12Nc .) Here for the MS quark masses, we
use the one-loop anomalous dimension since their effects first appear at the NLO level as
we will see below soon.
Now we give the RGEs for the Wilson coefficients of the above operators. First, we
consider the RGEs for the scalar-type operators. To that end, notice that the quark
mass operator is RG invariant in a mass-independent renormalization scheme like the MS
scheme, i.e.,
µ
d
dµ
mqqq = 0 . (2.39)
To evaluate the evolution of the gluon scalar operator, we use the trace anomaly formula
(2.5). Differentiating Eq. (2.5), we then obtain the differential equation for the gluonic
scalar operator αs
pi
GaµνG
aµν . As a result, we have#4
µ
d
dµ
(CqS, C
G
S ) = (C
q
S, C
G
S ) ΓS , (2.40)
where ΓS is a (Nf + 1)× (Nf + 1) matrix given by
ΓS =

0 · · · 0 0
...
. . .
...
...
0 · · · 0 0
−4α2s dγmdαs · · · −4α2s
dγm
dαs
α2s
d
dαs
(β(αs)
α2s
)
 , (2.41)
#4In fact, we implicitly assume that the operators are to be evaluated between the on-shell states.
As discussed in Refs. [43, 45], during the RG flow, the scalar operators mix with other (gauge-variant)
operators whose on-shell matrix elements vanish.
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The solutions of the RGEs are given as follows:
CqS(µ) = C
q
S(µ0)− 4CGS (µ0)
α2s(µ0)
β(αs(µ0))
(γm(µ)− γm(µ0)) , (2.42)
CGS (µ) =
β(αs(µ))
α2s(µ)
α2s(µ0)
β(αs(µ0))
CGS (µ0) . (2.43)
Eq. (2.42) shows that the anomalous dimension at O(αs), i.e. Eq. (2.38), is enough for
the NLO calculation.
Next, we consider the RGEs for the twist-2 operators. The two-loop anomalous di-
mension matrix of the operators is evaluated as [46,47]
µ
d
dµ
(CqTi , C
G
Ti
) = (CqTi , C
G
Ti
) ΓT , (2.44)
with ΓT a (Nf + 1)× (Nf + 1) matrix:
ΓT =

γqq 0 · · · 0 γqg
0 γqq
...
...
...
. . . 0
...
0 · · · 0 γqq γqg
γgq · · · · · · γgq γgg

, (2.45)
where
γqq =
16
3
CF · αs
4pi
+
(
−208
27
CFNf − 224
27
C2F +
752
27
CFNc
)(
αs
4pi
)2
,
γqg =
4
3
· αs
4pi
+
(
148
27
CF +
70
27
Nc
)(
αs
4pi
)2
,
γgq =
16
3
CF · αs
4pi
+
(
−208
27
CFNf − 224
27
C2F +
752
27
CFNc
)(
αs
4pi
)2
,
γgg =
4
3
Nf · αs
4pi
+
(
148
27
CFNf +
70
27
NcNf
)(
αs
4pi
)2
. (2.46)
Finally we give the threshold corrections at the scale where heavy quarks are integrated
out. For example, in the vicinity of the bottom-quark threshold µb ' mb, we match the
strong gauge coupling constant and the Wilson coefficients as
1
αs(µb)|Nf=4
=
1
αs(µb)|Nf=5
+
1
3pi
ln
(
µb
mb
)
, (2.47)
14
and
CqS(µb)|Nf=4 = CqS(µb)|Nf=5 ,
[αsC
G
S ](µb)|Nf=4 = −
αs(µb)
12
[
1 +
αs(µb)
4pi
(
11 +
2
3
ln
m2b
µ2b
)]
CbS(µb)|Nf=5
+
[
1 +
αs(µb)
4pi
2
3
ln
m2b
µ2b
]
[αsC
G
S ](µb)|Nf=5 ,
CqTi(µb)|Nf=4 = CqTi(µb)|Nf=5 ,
CGTi(µb)|Nf=4 =
[
1 +
αs(µb)
4pi
2
3
ln
m2b
µ2b
]
CGTi(µb)|Nf=5 +
αs(µb)
4pi
2
3
ln
m2b
µ2b
CbTi(µb)|Nf=5 ,
(2.48)
with q = u, d, s, c for the first and third equations.#5 In the following section, we estimate
the uncertainties coming from the neglect of the higher order perturbation by varying the
matching scale µb around the µb ' mb. We repeat a similar procedure for the charm-quark
threshold around µc ' mc.
Here we note that besides the above threshold corrections, the higher dimension op-
erators suppressed by a power of the threshold quark mass are also generated in general.
For instance, if the scalar-type quark operator is integrated out at a quark threshold mQ,
then we will obtain the following dimension-nine operators at one-loop level [45,48]:
− αs(mQ)
60pim2Q
(DνGaνµ)(D
ρGaρµ)χ¯
0χ0 − gsαs(mQ)
720pim2Q
fabcG
a
µνG
bµρGcνρχ¯
0χ0 , (2.49)
where fabc is the SU(3) structure constant. In particular, those generated at the charm-
quark threshold give the largest effects. By using the naive dimensional analysis, we see
that their contribution to the nucleon matrix element may give a correction by a factor
of Λ2QCD/m
2
c = O(0.1), which could be additionally suppressed by the prefactors of these
operators. Since we do not know precise values of the nucleon matrix elements of the
operators in Eq. (2.49), we should also consider their effects as an uncertainty.
3 Results
Now we compute the wino-nucleon scattering cross section and evaluate the theoretical
uncertainties. We first separately consider the scalar and twist-2 contributions to the
wino-nucleon effective coupling in Sec. 3.1 and 3.2, respectively. Then, we show the result
for the scattering cross section in the following subsection. In Table 4, we summarize the
input parameters we use in our computation. For the mass of top quark, we use the pole
mass as an input parameter, and convert it to the MS mass using the one-loop relation:
mt = mt(mt)
[
1 +
4αs(mt)
3pi
]
, (3.50)
#5The matching condition for CGTi here differs from that given in Ref. [31].
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Table 4: Input parameters.
Strong coupling constant αs(mZ) [49] 0.1185± 0.0006
Higgs pole mass mh [50, 51] 125.03± 0.27 GeV
Top-quark pole mass mt [52] 173.34± 0.76 GeV
where mt denotes the MS top mass. In what follows, we only use the MS mass so we drop
the bar for brevity.
3.1 Scalar part
The spin-independent effective coupling of the wino with nucleon is defined by
L(N)SI = fN χ¯0χ0NN . (3.51)
The contribution of the scalar operators to the coupling is given by
fNscalar =
∑
q=u,d,s
CqS(µhad)〈N |mq q¯q|N〉+ CGS (µhad)〈N |
αs
pi
GaµνG
aµν |N〉 , (3.52)
where we take the hadron scale µhad = 1 GeV with Nf = 3 active quarks. Fig. 3 shows
fpscalar with various types of errors.
In Fig. 3 (a) fpscalar at the LO (blue dashed) and NLO (red solid) with correspond-
ing bands showing the theoretical error due to the perturbative calculation are shown.
In the plot the uncertainty coming from lack of the NLO contribution of the third gen-
eration, which is multiplied by a factor of five just for the purpose of presentation, is
also shown (gray band). For the evaluation of the error from the ignorance of higher
order contribution in perturbation, we vary each matching scale by a factor of two; i.e.,
mc/2 ≤ µc ≤ 2mc, mb/2 ≤ µb ≤ 2mb, mZ/2 ≤ µW ≤ 2mZ . The prescription is, however,
less effective for the scalar-type operators since these operators are almost scale-invariant.
For this reason, when evaluating the error resulting from the quark threshold matching for
the NLO (LO) calculation, we use the NNLO (NLO) matching conditions to artificially
generate the logarithmic dependence of the Wilson coefficients on the scale by using the
mismatch between the matching conditions and RGEs. The NLO matching conditions
are given in Eq. (2.48), while the NNLO ones are found in Ref. [53]. In addition, for the
LO contribution, we evaluate the uncertainty caused by the electroweak-scale matching
by merely multiplying the LO contribution by a factor of αs/pi. Since the scalar-type
operators are scale-invariant at the LO, it is impossible to estimate the LO uncertainty
from the electroweak-scale matching by varying the scale µW . At the NLO, on the other
hand, we are to estimate the uncertainty with the scale variation since the NLO RGEs
yield the scale dependence of the scalar operators.
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(c) OPE
Figure 3: Contribution of scalar-type operators to wino-proton coupling fpscalar. (a) LO
(blue dashed) and NLO (red solid) results with corresponding bands showing uncertainty
due to perturbative calculation. Gray band indicates uncertainty coming from lack of
NLO contribution of third generation, multiplied by a factor of five. (b) Errors from
input parameters (gray), the Higgs mass (dark red), compared with NLO error (pink).
(c) Uncertainty from truncating higher dimension operators at each quark threshold (gray
band), compared with NLO perturbative QCD uncertainty (pink band).
The error from the LO perturbative calculation is more than 5%, which reduces to a few
% level with the NLO calculation. The upper errors smaller than the lower errors in the LO
and NLO perturbative calculations in the Fig. 3 (a). This comes from difference between
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αs(mQ/2) and αs(2mQ) for Q = b, c. On the other hand, as for the uncertainty due to the
lack of the third-generation NLO contribution, we estimate its effect by multiplying the
LO contribution by a factor of αs/pi. From the figure, we find that the ignorance of the
third-generation NLO contribution only gives a negligible effect on the resultant value.
The effect is much smaller than the uncertainty due to the perturbative calculation.
Fig. 3 (b) shows comparison of the uncertainty in the NLO perturbative QCD cal-
culation (pink) with that from the errors in the input parameters we have used in the
calculation (gray). Among them, the uncertainty coming from the Higgs mass error is
especially shown in the dark red band. We see that thanks to the NLO calculation the
perturbative error now becomes smaller than the error from the input parameters, though
they are still of the same order of the magnitude.
Finally we plot the theoretical uncertainty which could arise due to the higher di-
mension operators induced at each quark threshold in Fig. 3 (c). To evaluate the effects
of the higher dimension operators, we vary the scalar gluon contribution induced at the
charm-quark threshold by 2%, which is expected from the naive dimensional analysis as
discussed in Sec. 2.4.#6 Since the higher dimension operators generated at the bottom-
quark threshold are suppressed by the bottom quark mass, their effects are negligible. As
seen from the figure, this uncertainty may be as large as the NLO perturbative QCD er-
ror. To reduce the uncertainty, one of the most efficient ways is to use the nucleon matrix
elements computed above the charm-quark threshold, say, at the scale of 2 GeV. In this
case, we need to evaluate the charm-quark content in nucleon, f
(N)
Tc
= 〈N |mcc¯c|N〉/mN ,
as well. Currently, the QCD lattice simulations are not able to compute it accurately [54].
If this quantity is evaluated with good precision in the future, then the uncertainty due
to the higher dimension operators will be significantly reduced. We expect that the per-
turbative QCD error will also decrease, since we do not need the charm-quark threshold
matching procedure any more. Thus, we strongly encourage the development in this field.
3.2 Twist-2 part
Contrary to the scalar-type operators, the twist-2 operators have the scale dependence at
the leading order in αs. Therefore, it is necessary to determine the appropriate scale for
the matching of the full theory onto the effective theory in order not to suffer from large
logarithmic factors. To that end, we require that the logarithmic dependent parts glogTi
in the Wilson coefficients presented in Eq. (2.36) should not be large, say, within O(1).
Since the terms proportional to glogTi come from the logarithmic terms in the OPEs of the
correlation function of the charged currents, this condition guarantees the validity of the
perturbative QCD expansion. In Fig. 4, we show glogTi (w, 0;µW ) (i = 1, 2) as function of
the factorization scale µW . Here M = 3 TeV (solid) and 300 GeV (dashed). The vertical
gray line shows µW = mZ . It turns out that the size of these functions is within O(1)
#6 Since the first (second) operator in Eq. (2.49) receives additional suppression by a factor of five
(sixty) compared with the contribution of the scalar gluon operator, −αs/(12pi)GGχ¯0χ0, we estimate the
significance of the former contribution as ∼ 2% of that of the scalar-type gluon operator, while the latter
contribution is negligible.
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(b) glogT2 (w, 0;µW )
Figure 4: glogTi (w, 0;µW ) (i = 1, 2) as function of factorization scale µW . M = 3 TeV
(solid) and 300 GeV (dashed). Vertical gray line shows µW = mZ .
if one takes the scale µW to be around the electroweak scale. This consequence rarely
depends on the DM mass. The absolute values for these functions are minimum at a scale
of O(10) GeV, which is much smaller than the DM mass. This observation reflects the
fact that the typical scale of the loop momentum flowing in the loop diagrams in Fig. 1 is
around the electroweak scale, as pointed out in Ref. [25]. In the following calculation, we
take µW = mZ , which assures that g
log
Ti
is within O(1) and thus the perturbative expansion
is justified.
To calculate the contribution of the twist-2 operators, we also need to choose the
scale at which the nucleon matrix elements of the twist-2 operators are evaluated. As
mentioned above, contrary to the case of the scalar-type operators, the twist-2 matrix
elements are obtained at various scales. Since the result does not depend on the choice of
the scale within the uncertainty of the calculation, it is desirable to choose the scale so that
the error in calculation is reduced. Thus, we take it to be the same as the factorization
scale, i.e., µ = mZ . This choice allows us to decrease the error which would arise from the
process where the operators are evolved down to the low-energy region; for instance, if one
evaluates the matrix elements at a scale µ < mb, the result suffers from the uncertainty
resulting from the bottom-quark mass threshold. See Ref. [35] for further discussion.
Now we evaluate the contribution of the twist-2 operators to the SI effective coupling
in Eq. (3.51), which is given by
fNtwist2
mN
=
3
4
∑
q
∑
i=1,2
CqTi(mZ)[q
(N)(2;mZ) + q¯
(N)(2;mZ)]
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(b) Input
Figure 5: Contribution of twist-2 operators to wino-proton coupling fptwist2. (a) LO (blue
dashed) and NLO (red solid) results with corresponding bands showing uncertainty due
to perturbative calculation. (b) Uncertainty resulting from input error.
− 3
4
∑
i=1,2
CGTi(mZ)g
(N)(2;mZ) , (3.53)
where q runs over the active quarks (q = u, d, s, c, b for our choice of the scale µ = mZ).
In Fig. 5, we show fptwist2 as function of the wino mass. We compare the LO and NLO
results in the left panel, shown in the blue dashed and red solid lines, respectively, with
the corresponding bands representing the uncertainties. The uncertainties are evaluated
by varying the scale µW between mZ/2 and 2mZ . Besides, it is found that to drop the
NLO contribution of the third generation quarks causes only the negligible effects, so we
do not show the error due to the contribution. The O(1)% error in the LO computation
now reduces to ∼ 0.5% when going to the NLO level, though the central value shifts
more than expected, i.e. about 5% change. This is due to a large NLO term in CqTi
of Eq. (2.36). In the large DM mass limit, the contributions of quarks and gluon at the
NLO are 0.90 and −0.047 in 10−9 GeV−2 unit, respectively, while the quark contribution
at the LO is 0.82 in 10−9 GeV−2 unit.#7 In the right panel of Fig. 5, we also illustrate
the uncertainty resulting from the input error, which turns out to be as large as the NLO
uncertainty. The uncertainty mainly comes from those of the PDFs, which we estimate
following the method given in Ref. [39] with the χ2 tolerance T taken to be T = 10. After
all, in the case of the twist-2 contribution, both the NLO and input uncertainties are less
#7To be concrete, in CqTi the NLO term summed over i = 1, 2 gives (α
2
2αs/4pim
3
W ) × (41pi/12) in the
large DM mass limit. Here logarithmic term glogTi is neglected for simplicity. See also Eqs. (A.18)–(A.31)
for the mass functions in the large DM mass limit.
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Figure 6: Wino-proton SI scattering cross section. Blue dashed and red solid lines rep-
resent LO and NLO results, respectively, with corresponding bands show perturbative
uncertainties. Gray band shows uncertainty resulting from the input error. Yellow shaded
area corresponds to the region in which neutrino background overcomes DM signal [32].
than 1%, and thus well controlled compared to the scalar contribution.
3.3 Scattering cross section
Finally, we evaluate the wino-nucleon SI scattering cross section, which is given by
σNSI =
4
pi
(
MmN
M +mN
)2
|fNscalar + fNtwist2|2 . (3.54)
We plot σpSI as function of the wino mass in Fig. 6. Additionally we indicate the parameter
region where the neutrino background dominates the the DM-nucleon scattering [32] and
then it becomes hard to detect the DM signal in the DM direct detection experiments (yel-
low shaded). Here we estimate each error by varying the scalar and twist-2 contributions
within their uncertainties evaluated above. The result shows that the large uncertainty in
the LO computation is significantly reduced once the NLO QCD corrections are included,
which is now smaller than that from the input error. In the large DM mass limit, the SI
scattering cross section converges to a constant value,
σpSI = 2.3
+0.2
−0.3
+0.5
−0.4 × 10−47 cm2 , (3.55)
where the first and second terms represent the perturbative and input uncertainties, re-
spectively. As seen from Fig. 6, σpSI has little dependence on the DM mass; its variation
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is actually within the uncertainties of the calculation, for the wino mass larger than
270 GeV. Both the scalar and twist-2 contributions depend on the DM mass when the
mass is smaller than ∼ 1 TeV as shown in Figs. 3 and 5. However, the dependence in the
cross section is accidentally canceled. The NLO result is found to be larger than the LO
result by almost 70%. After all, the resultant scattering cross section is well above that of
the neutrino background [32], and therefore the future direct detection experiments are
promising to test the wino DM scenario.
4 Electroweakly-interacting DM
Although we have focused on the wino DM in this paper, a similar formalism may be
constructed for a more general class of the DM candidates; i.e., an SU(2)L multiplet with
hypercharge Y that contains a neutral component for DM, and their thermal relic may
explain the observed DM density with O(1) TeV masses. For previous works on such
DM candidates, see Refs. [55–62]. Some theories beyond the Standard Model actually
predict this kind of DM. For example, the higgsino and wino in the SUSY models are
representative of the SU(2)L multiplet DM. Moreover, such a particle may show up in
grand unified theories [63–65], whose stability is explained by a remnant discrete symmetry
of extra U(1) symmetries in the theories [66–70].
Before concluding our discussion, we give the results of the NLO calculation for this
class of DM candidates. If the DM particle is a fermion, its interactions with quarks and
gluon are completely determined by the electroweak gauge interactions,#8 so we consider
the fermionic DM candidates in the following discussion. If Y 6= 0, the DM is a Dirac
fermion, while a Majorana fermion if Y = 0. Pure Dirac fermion DM is, however, severely
constrained by the direct detection experiments already, since the vector interactions via
the Z boson exchange yield too large scattering cross section with nucleon. The constraint
may be evaded if there are some new physics effects that give rise to the mass difference
between the neutral components to split them into two Majorana fermions. If the mass
difference is larger than O(100) keV, the scatterings with nucleon are not induced by
the tree-level Z boson exchange. In what follows, we assume the presence of the mass
difference and regard the lighter neutral component χ0 as a DM candidate. The mass
difference is assumed to be small enough to be neglected in the following calculation. In
this case, the interactions including the neutral components are given by
Lint = g2
4
√
n2 − (2Y − 1)2 χ+ /W+χ0 + g2
4
√
n2 − (2Y + 1)2 χ0 /W+χ− + h.c.
+ igZY χ0 /Zη
0 . (4.56)
Here n is the number of the components in the DM SU(2)L multiplet, gZ ≡
√
g2Y + g
2
2 with
gY the U(1)Y gauge coupling constant, and η
0 and Zµ for the heavier neutral component
and the Z boson, respectively.
#8In the case of the scalar DM, on the other hand, there always exist quartic couplings to the Higgs
boson, and the couplings also induce the interactions of the DM with quarks and gluon.
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Figure 7: SI scattering cross sections of the SU(2)L multiplet DM candidates. Red solid,
green dashed, and blue dash-dotted lines correspond to the (n, Y ) = (3, 0), (2, 1/2),
and (5, 0) cases, respectively. Yellow shaded area indicates the region in which neutrino
background overcomes the DM signal [32].
The LO calculation of the scattering cross section with a nucleon for this type of DM
candidates is given in Ref. [28]. As in the case of the wino DM, we find that there is a
significant cancellation among the contributions to the scattering amplitude. Therefore,
the NLO corrections are of importance to evaluate the scattering cross section precisely.
We compute the NLO scattering cross section in a similar manner to above discussion.
The only difference is the electroweak matching conditions, which we summarize in Ap-
pendix B. Below the electroweak scale, the procedure is completely the same as before.
In Fig. 7 we plot the SI scattering cross sections for several SU(2)L multiplet DM
candidates. Here the red solid, green dashed, and blue dash-dotted lines represent the
(n, Y ) = (3, 0), (2, 1/2), and (5, 0) cases, respectively. The triplet case corresponds to
the wino DM, while the doublet one is regarded as the higgsino DM. The (n, Y ) = (5, 0)
fermion DM is the so-called minimal DM [55], for which the gauge symmetry guarantees its
stability. Again, the yellow shaded area indicates the region in which neutrino background
overcomes the DM signal [32]. We find that all of the scattering cross sections are almost
constant in the mass region we are interested in, as already seen in the case of wino DM.
In the heavy DM mass limit, the DM-proton effective coupling fp ≡ fpscalar + fptwist2 at the
NLO is given by
fp = (n2 − 4Y 2 − 1)fpW + Y 2fpZ , (4.57)
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with
fpW = 2.9× 10−11 GeV−2 ,
fpZ = −1.8× 10−10 GeV−2 , (4.58)
from which one readily obtains the SI scattering cross section for a generic SU(2)L DM
candidate. It is seen that the (n, Y ) = (3, 0) and (5, 0) cases offer the SI scattering cross
sections well above the neutrino background, while that of the (n, Y ) = (2, 1/2) case
falls far below the background. Compared to the previous results in Ref. [28], slightly
larger SI scattering cross sections are obtained for DM candidates with Y = 0. As for
the (n, Y ) = (2, 1/2) case, on the other hand, we obtain a smaller SI scattering cross
section.#9
5 Conclusion and discussion
In this paper we have completed the calculation of the wino-nucleon scattering cross
section up to the NLO in αs/pi. It turns out that the inclusion of the NLO corrections
allows us to reduce the theoretical uncertainty significantly, which is now O(10)% level.
The NLO scattering cross section is larger than the LO one by about 70%. The resultant
cross section is well above the neutrino background, and thus the DM direct detection
experiment is a promising tool for examining the wino DM scenario. In addition, we give
the NLO results for the cases with a generic SU(2)L multiplet DM, some of which may
also be probed in future experiments.
At present, the uncertainties from the input parameters, especially those of the scalar
matrix elements, dominate the theoretical error. If future lattice simulations determine the
charm-quark content in nucleon with good accuracy, the uncertainties are to be reduced
considerably. We strongly anticipate the developments in the field.
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Appendix
A Mass functions
Here we list the mass functions used in text:
gH(x) = 2
√
x(2− x lnx)− 2
bx
(2 + 2x− x2) tan−1
(
2bx√
x
)
, (A.1)
gB1(x) =
1
24
√
x(2− x lnx) + 1
24bx
(4− 2x+ x2)tan−1
(
2bx√
x
)
, (A.2)
gbtm(x, y) = − x
3
2y
12(x− y)2 −
x
5
2y2
24(x− y)3 ln
(
x
y
)
− xy(2y + 6x+ 2xy − x
2y)
24bx(x− y)3 tan
−1
(
2bx√
x
)
+
x
3
2y
1
2 (2x+ 6y + 2xy − xy2)
24by(x− y)3 tan
−1
(
2by√
y
)
, (A.3)
gtop(x, y) =
x
3
2
12(x− y) −
x
5
2 (x− 2y)
24(x− y)2 lnx−
x
3
2y2
24(x− y)2 ln y
+
x{x3 + 4y + 4x(1 + y)− 2x2(1 + y)}
24bx(x− y)2 tan
−1
(
2bx√
x
)
− x
3
2y
1
2 by(2 + y)
6(x− y)2 tan
−1
(
2by√
y
)
, (A.4)
gT1(x, y) =
x
3
2{x(1− 2x) + y(13 + 2x)− 2y2}
12(x− y)2
− x
3
2{x3(2− x) + 2xy(3− 3x+ x2) + 6y2(2− x)}
12(x− y)3 lnx
+
x
3
2y{2x(3− 6y + y2) + y(12 + 2y − y2)}
12(x− y)3 ln y
+
x{4x2b2x(2 + x2)− 2xy(6− 7x+ 5x2 − x3)− 6y2(2− 4x+ x2)}
12bx(x− y)3 tan
−1
(
2bx√
x
)
− x
3
2y
1
2{2x(3− y)(2 + 5y − y2)− y(2− y)(14 + 2y − y2)}
12by(x− y)3 tan
−1
(
2by√
y
)
,
(A.5)
gT2(x, y) =
x
3
2{x(−1 + 2x)− (1 + 2x)y + 2y2}
4(x− y)2
+
x
5
2{(2− x)x2 + 2y(1− 3x+ x2)}
4(x− y)3 lnx
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+
x
3
2y{y2(y − 2)− 2x(1− 3y + y2)}
4(x− y)3 ln y
+
x3{x(2− 4x+ x2)− 2y(5− 5x+ x2)}
4bx(x− y)3 tan
−1
(
2bx√
x
)
+
x
3
2y
3
2 (2x(5− 5y + y2)− y(2− 4y + y2))
4by(x− y)3 tan
−1
(
2by√
y
)
, (A.6)
hT1(x) = −
√
x
12
{3− 2x− x(3− x) lnx}+ 1
3
bx x(1− x) tan−1
(
2bx√
x
)
, (A.7)
hT2(x) = −
√
x
12
{1 + 6x+ x(4− 3x) lnx}+ 1
12bx
(4− 2x+ 10x2 − 3x3) tan−1
(
2bx√
x
)
,
(A.8)
where we have defined bx ≡
√
1− x/4. Note that
gT1(x, 0) =
1
12
√
x{1− 2x− x(2− x) lnx}+ 1
3
bx(2 + x
2) tan−1
(
2bx√
x
)
, (A.9)
gT2(x, 0) = −
1
4
√
x{1− 2x− x(2− x) lnx}+ 1
4bx
x(2− 4x+ x2) tan−1
(
2bx√
x
)
, (A.10)
are equal to gT1(x) and gT2(x) in Ref. [26], respectively. On the other hand, g
log
Ti
(x, y;µW )
are given by the following integrals:
glogTi (x, y;µW ) = g
num
Ti
(x, y) + ln
(
x
M2
µ2W
)
gTi(x, y) , (A.11)
with
gnumT1 (x, y) =
x
3
2
24
∫ ∞
0
dt
1
(t+ x)2(t+ y)2
[
6y
{−4t− t2 + (2 + t)√t√4 + t}
+ t
{−6t+ 4t2 + t3 + (2− t)(4 + t)√t√4 + t}] ln( t
x
)
,
gnumT2 (x, y) =
x
3
2
8
∫ ∞
0
dt
t2{−2− 4t− t2 + (2 + t)√t√4 + t}
(t+ x)2(t+ y)2
ln
(
t
x
)
. (A.12)
We compute these integrals numerically.
For the generic SU(2)L DM case, we further introduce the following functions:
fV (x, y) = f
anl
V (x, y) + f
num
V (x, y) ,
fA(x, y) = f
anl
A (x, y) + f
num
A (x, y) , (A.13)
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where
f anlV (x, y) = −
√
x(x2 − xy + 12y2)
12(x− 4y)2
+
x
3
2 (x3 − 12x2y + 20xy2 − 48y3)
24(x− 4y)3 lnx+
x
3
2y2(7x− 4y)
6(x− 4y)3 ln(4y)
+
x
3
2y
1
2{5x+ 28y + 2y(7x− 4y)(1− 2y)}
12(x− 4y)3√1− y tan
−1
(√
1− y√
y
)
− 4(x
3 + 44xy2 − 48y3) + x(x− 2)(x3 − 12x2y + 20xy2 − 48y3)
24(x− 4y)3bx tan
−1
(
2bx√
x
)
,
(A.14)
f anlA (x, y) =
√
x(x− 2y)
4(x− 4y) −
x
3
2 (x2 − 8xy + 8y2)
8(x− 4y)2 lnx−
x
3
2y2
(x− 4y)2 ln(4y)
+
x
3
2
√
y(2y2 − y − 1)
(x− 4y)2√1− y tan
−1
(√
1− y√
y
)
+
4(x2 − 2xy + 8y2) + x(x− 2)(x2 − 8xy + 8y2)
8(x− 4y)2bx tan
−1
(
2bx√
x
)
, (A.15)
while fnumV (x, y) and f
num
A (x, y) are expressed by the integral form as
fnumV (x, y) = −x
3
2y2
∫ ∞
0
dt
(t+ 2y){(2− t)√t+ 4 + t√t}
2t(t+ x)2(t+ 4y)
5
2
ln
(√
t+ 4y +
√
t√
t+ 4y −√t
)
, (A.16)
fnumV (x, y) = x
3
2y2
∫ ∞
0
dt
(t+ 4y){(2− t)√t+ 4 + t√t}
2t(t+ x)2(t+ 4y)
5
2
ln
(√
t+ 4y +
√
t√
t+ 4y −√t
)
. (A.17)
Again, these integrals are evaluated numerically. The functions f anlV (x, y) and f
anl
A (x, y)
are given by functions in Ref. [28] as f anlV (x, y) = Gt1(x, y)/4 and f
anl
A (x, y) = Gt2(x, y)/4.
In the large DM mass limit, i.e., x, y → 0 with the ratio y/x fixed, the above analytic
functions are reduced to as follows:
gH(x)→ −2pi , (A.18)
gB1(x)→ pi
12
, (A.19)
gbtm(x, y)→ pi
24
r
(1 + r)3
, (A.20)
gtop(x, y)→ pi
12(1 + r)2
, (A.21)
gT1(x, y)→
pi(2 + 3r)
6(1 + r)3
, (A.22)
gT2(x, y)→ 0 , (A.23)
hT1(x)→ 0 , (A.24)
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hT2(x)→
pi
6
, (A.25)
gnumT1 (x, y)→ −
pi{(1 + r)2(1− r)(2− 3r) + (3− 7r2)r ln r}
3(1− r2)3 , (A.26)
gnumT2 (x, y)→ 0 , (A.27)
f anlV (x, y)→
pi
24
(−2 + 5r + 28r3 − 88r4 + 96r6)
(1− 4r2)3 , (A.28)
f anlA (x, y)→
pi
4
(1− 2r − 2r2 + 8r4)
(1− 4r2)2 , (A.29)
with r ≡√y/x and
fnumV (z, τ)→ −0.189 , (A.30)
fnumA (z, τ)→ 0.364 . (A.31)
Here we have set the values for the masses of Z boson and top quark in z and τ , respec-
tively.
B Results for the electroweak-interacting DM
In this Appendix, we summarize the electroweak matching conditions for generic SU(2)L
multiplet DM.
B.1 Current correlator
To begin with, we consider the OPEs of the electroweak current correlators as in Sec. 2.3.2.
The correlation function of the charged currents has been already discussed there. Here
we give the OPEs of the neutral current correlator, for it is necessary to evaluate the Z
boson contribution. The correlation function of the weak neutral current is defined by
ΠZµν(q) ≡ i
∫
d4x eiq·xT{JZµ (x)JZν (0)†} , (B.32)
where
JZµ =
gZ
2
∑
q
qγµ(gqV − gqAγ5)q , (B.33)
with
gqV ≡ T 3qL − 2 sin2 θWQq , gqA ≡ T 3qL . (B.34)
Let us first evaluate the Wilson coefficients of the scalar operators. For the scalar
operators, the correlator is decomposed to the transverse and longitudinal parts as
ΠZµν(q)|scalar =
(
−gµν + qµqν
q2
)
ΠZT (q
2) +
qµqν
q2
ΠZL(q
2) . (B.35)
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Again, only the transverse part is relevant to the calculation. The OPE coefficients are
defined by
ΠZT (q
2) =
∑
q
cqZ,S(q
2;µW )mq q¯q + c
G
Z,S(q
2;µW )
αs
pi
GaµνG
aµν , (B.36)
are then evaluated as follows [41]:
cqZ,S(q
2;µW ) =
g2Z
2q2
[
{(gqV )2 − (gqA)2}+
αs
3pi
{(gqV )2 − 7(gqA)2}
]
, (B.37)
cGZ,S(q
2;µW ) =
∑
q
g2Z
48q2
(
1 +
7αs
6pi
)
{(gqV )2 + (gqA)2}
+
g2Z{(gtV )2(−q4 + 4m2t q2 − 12m4t ) + 3(gtA)2(q2 − 4m2t )(q2 − 2m2t )}
48q2(q2 − 4m2t )2
+
g2Zm
4
t{(gtV )2(q2 − 2m2t )− (gtA)2(q2 − 4m2t )}
√
1− 4m2t
q2
ln
(√
1− 4m
2
t
q2
+1√
1− 4m
2
t
q2
−1
)
4q2(q2 − 4m2t )3
,
(B.38)
with q = u, d, s, c, b. Here we drop the NLO contribution of top quark for simplicity. This
contribution is also readily obtained from the results in Ref. [41]. The LO terms in the
above equations agree with the results given in Ref. [28].
Next, we consider the twist-2 operators. Their contribution to the correlation function
is written as [42]
ΠZµν(q)|twist2 = g2Z
∑
i=q,G
[
−
(
gµρgνσq
2 − gµρqνqσ − qµqρgνσ + gµνqρqσ
(q2)2
)
ciZ,2
+
(
gµν − qµqν
q2
)
qρqσ
(q2)2
ciZ,L
]
Oiρσ , (B.39)
with the coefficients given by
cqZ,2(µW ) = [(g
q
V )
2 + (gqA)
2]
{
1 +
αs(µW )
4pi
[
−1
2
(
64
9
)
ln
(−q2
µ2W
)
+
4
9
]}
,
cqZ,L(µW ) = [(g
q
V )
2 + (gqA)
2]
{
αs(µW )
4pi
[
16
9
]}
,
cGZ,2(µW ) =
∑
q=u,d,s,c,b
[(gqV )
2 + (gqA)
2]
{
αs(µW )
4pi
[
−1
2
(
4
3
)
ln
(−q2
µ2W
)
+
1
2
]}
,
cGZ,L(µW ) =
∑
q=u,d,s,c,b
[(gqV )
2 + (gqA)
2]
{
αs(µW )
4pi
[
−2
3
]}
. (B.40)
Here again, we have neglected the top-quark contribution to the NLO gluon coefficients.
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B.2 Wilson coefficients
Now we calculate the electroweak-scale matching conditions. For the scalar-type quark
operators, we have
CqS(µW ) =
α22
4m2h
[
n2 − (4Y 2 + 1)
8mW
gH(w) +
Y 2
2mZ cos4 θW
gH(z)
]
+
α22
m3W
n2 − (4Y 2 + 1)
8
αs(µW )
4pi
[−12gB1(w)]
+
α22Y
2
cos4 θWm3Z
[
{(gqV )2 − (gqA)2}+
αs
3pi
{(gqV )2 − 7(gqA)2}
]
[3gB1(z)] , (B.41)
for q = u, d, s, c, and
CbS(µW ) =
α22
4m2h
[
n2 − (4Y 2 + 1)
8mW
gH(w) +
Y 2
2mZ cos4 θW
gH(z)
]
+
α22
m3W
n2 − (4Y 2 + 1)
8
[(−3)gbtm(w, τ)]
+
α22Y
2
cos4 θWm3Z
[
{(gqV )2 − (gqA)2}+
αs
3pi
{(gqV )2 − 7(gqA)2}
]
[3gB1(z)] , (B.42)
where θW is the weak mixing angle and z ≡ m2Z/M2.#10 The Wilson coefficient of the
scalar-type gluon operator is, on the other hand, computed as
CGS (µW ) = −
α22
48m2h
[
1 +
11
4pi
αs(µW )
][
n2 − (4Y 2 + 1)
8mW
gH(w) +
Y 2
2mZ cos4 θW
gH(z)
]
+
α22
4m3W
n2 − (4Y 2 + 1)
8
[(
2 +
7
3
αs(µW )
pi
)
gB1(w) + gtop(w, τ)
]
+
α22Y
2
8 cos4 θWm3Z
[ ∑
q=u,d,s,c,b
(
1 +
7αs
6pi
)
{(gqV )2 + (gqA)2}gB1(z)
+ (gtV )
2fV (z, τ) + (g
t
A)
2fA(z, τ)
]
, (B.43)
where the functions fV (x, y) and fA(x, y) are given in Appendix A. The twist-2 contribu-
tion is given by
CqTi(µW ) =
α22
m3W
n2 − (4Y 2 + 1)
8
[
gTi(w, 0)
+
αs(µW )
4pi
(
−32
9
glogTi (w, 0;µW ) +
9
4
gTi(w, 0) +
16
9
hTi(w)
)]
#10Note that gS(x) in Ref. [28] is equal to 6gB1(x).
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+
α22Y
2{(gqV )2 + (gqA)2}
m3Z cos
4 θW
[
gTi(z, 0)
+
αs(µW )
4pi
(
−32
9
glogTi (z, 0;µW ) +
9
4
gTi(z, 0) +
16
9
hTi(z)
)]
, (B.44)
for q = u, d, s, c,
CbTi(µW ) =
α22
m3W
n2 − (4Y 2 + 1)
8
[
gTi(w, τ) +
αs(µW )
4pi
(
−32
9
glogTi (w, τ ;µW )
)]
+
α22Y
2{(gbV )2 + (gbA)2}
m3Z cos
4 θW
[
gTi(z, 0)
+
αs(µW )
4pi
(
−32
9
glogTi (z, 0;µW ) +
9
4
gTi(z, 0) +
16
9
hTi(z)
)]
, (B.45)
and
CGTi(µW ) =
α22
m3W
n2 − (4Y 2 + 1)
8
αs(µW )
4pi
×[
4×
(
−2
3
glogTi (w, 0;µW ) +
1
2
gTi(w, 0)−
2
3
hTi(w)
)
− 2
3
glogTi (w, τ ;µW )
]
+
∑
q=u,d,s,c,b
α22Y
2{(gqV )2 + (gqA)2}
m3Z cos
4 θW
αs(µW )
4pi
[
−2
3
glogTi (z, 0;µW ) +
1
2
gTi(z, 0)−
2
3
hTi(z)
]
.
(B.46)
Here we note that the LO Z boson contribution to CqS, C
G
S , and C
q
Ti
differs from that
given in Ref. [28] by a factor of two.
References
[1] S. Chatrchyan et al. [CMS Collaboration], JHEP 1406, 055 (2014); G. Aad et al.
[ATLAS Collaboration], JHEP 1409, 176 (2014).
[2] I. Affleck, M. Dine and N. Seiberg, Phys. Rev. Lett. 51, 1026 (1983); I. Affleck,
M. Dine and N. Seiberg, Nucl. Phys. B 241, 493 (1984); I. Affleck, M. Dine and
N. Seiberg, Phys. Lett. B 137, 187 (1984); I. Affleck, M. Dine and N. Seiberg, Nucl.
Phys. B 256, 557 (1985); I. Affleck, M. Dine and N. Seiberg, Phys. Rev. Lett. 52,
1677 (1984); I. Affleck, M. Dine and N. Seiberg, Phys. Lett. B 140, 59 (1984).
[3] L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999).
[4] G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998).
[5] J. Hisano, S. Matsumoto, M. Nagai, O. Saito and M. Senami, Phys. Lett. B 646,
34 (2007).
[6] T. Gherghetta, G. F. Giudice and J. D. Wells, Nucl. Phys. B 559, 27 (1999).
31
[7] T. Moroi and L. Randall, Nucl. Phys. B 570, 455 (2000).
[8] J. D. Wells, [hep-ph/0306127]; N. Arkani-Hamed and S. Dimopoulos, JHEP 0506,
073 (2005); G. F. Giudice and A. Romanino, Nucl. Phys. B 699, 65 (2004) [Erratum-
ibid. B 706, 65 (2005)]; N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Ro-
manino, Nucl. Phys. B 709, 3 (2005); J. D. Wells, Phys. Rev. D 71, 015013 (2005).
[9] G. F. Giudice and A. Strumia, Nucl. Phys. B 858, 63 (2012); L. J. Hall and Y. No-
mura, JHEP 1201, 082 (2012); M. Ibe and T. T. Yanagida, Phys. Lett. B 709,
374 (2012); M. Ibe, S. Matsumoto and T. T. Yanagida, Phys. Rev. D 85, 095011
(2012); A. Arvanitaki, N. Craig, S. Dimopoulos and G. Villadoro, JHEP 1302, 126
(2013); L. J. Hall, Y. Nomura and S. Shirai, JHEP 1301, 036 (2013); N. Arkani-
Hamed, A. Gupta, D. E. Kaplan, N. Weiner and T. Zorawski, [arXiv:1212.6971];
J. L. Evans, M. Ibe, K. A. Olive and T. T. Yanagida, Eur. Phys. J. C 73, 2468
(2013); J. L. Evans, K. A. Olive, M. Ibe and T. T. Yanagida, Eur. Phys. J. C 73,
2611 (2013); E. Bagnaschi, G. F. Giudice, P. Slavich and A. Strumia, JHEP 1409,
092 (2014).
[10] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012); S. Chatrchyan et
al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012).
[11] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477, 321
(1996); T. Moroi and M. Nagai, Phys. Lett. B 723, 107 (2013); D. McKeen,
M. Pospelov and A. Ritz, Phys. Rev. D 87, 113002 (2013); W. Altmannshofer,
R. Harnik and J. Zupan, JHEP 1311, 202 (2013); K. Fuyuto, J. Hisano, N. Na-
gata and K. Tsumura, JHEP 1312, 010 (2013); M. Tanimoto and K. Yamamoto,
Phys. Lett. B 735, 426 (2014); M. Tanimoto and K. Yamamoto, arXiv:1503.06270
[hep-ph].
[12] M. Liu and P. Nath, Phys. Rev. D 87, 095012 (2013); J. Hisano, D. Kobayashi,
T. Kuwahara and N. Nagata, JHEP 1307, 038 (2013); M. Dine, P. Draper and
W. Shepherd, JHEP 1402, 027 (2014); N. Nagata and S. Shirai, JHEP 1403, 049
(2014); J. L. Evans, N. Nagata and K. A. Olive, Phys. Rev. D 91, 055027 (2015).
[13] S. Weinberg, Phys. Rev. Lett. 48, 1303 (1982); T. Moroi, M. Yamaguchi and
T. Yanagida Phys. Lett. B 342, 105 (1995); M. Kawasaki, K. Kohri, T. Moroi and
A. Yotsuyanagi, Phys. Rev. D 78, 065011 (2008).
[14] J. Hisano, T. Kuwahara and N. Nagata, Phys. Lett. B 723, 324 (2013).
[15] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 88, 112006 (2013).
[16] K. Shingo, CERN-THESIS-2014-163; M. Low and L. T. Wang, JHEP 1408, 161
(2014); M. Cirelli, F. Sala and M. Taoso, JHEP 1410, 033 (2014) [Erratum-ibid.
1501, 041 (2015)]; S. Gori, S. Jung, L. T. Wang and J. D. Wells, JHEP 1412, 108
(2014); J. Bramante, P. J. Fox, A. Martin, B. Ostdiek, T. Plehn, T. Schell and
M. Takeuchi, Phys. Rev. D 91, 054015 (2015); G. G. di Cortona, arXiv:1412.5952
[hep-ph]; H. Beauchesne, K. Earl and T. Gregoire, arXiv:1503.03099 [hep-ph].
[17] J. Hisano, S. Matsumoto and M. M. Nojiri, Phys. Rev. Lett. 92, 031303 (2004).
32
[18] J. Hisano, S. Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71, 063528 (2005).
[19] B. Bhattacherjee, M. Ibe, K. Ichikawa, S. Matsumoto and K. Nishiyama, JHEP 1407,
080 (2014).
[20] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. D 89, 042001 (2014).
[21] A. Abramowski et al. [H.E.S.S. Collaboration], Phys. Rev. Lett. 110, 041301 (2013).
[22] T. Cohen, M. Lisanti, A. Pierce and T. R. Slatyer, JCAP 1310, 061 (2013); J. Fan
and M. Reece, JHEP 1310, 124 (2013); A. Hryczuk, I. Cholis, R. Iengo, M. Tavakoli
and P. Ullio, JCAP 1407, 031 (2014).
[23] M. Baumgart, I. Z. Rothstein and V. Vaidya, arXiv:1409.4415 [hep-ph]; M. Bauer,
T. Cohen, R. J. Hill and M. P. Solon, JHEP 1501, 099 (2015); G. Ovanesyan,
T. R. Slatyer and I. W. Stewart, arXiv:1409.8294 [hep-ph]; M. Beneke, C. Hellmann
and P. Ruiz-Femenia, arXiv:1411.6924 [hep-ph]; M. Baumgart, I. Z. Rothstein and
V. Vaidya, arXiv:1412.8698 [hep-ph].
[24] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112, 091303 (2014).
[25] J. Hisano, S. Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71, 015007 (2005).
[26] J. Hisano, K. Ishiwata and N. Nagata, Phys. Lett. B 690, 311 (2010).
[27] J. Hisano, K. Ishiwata and N. Nagata, Phys. Rev. D 82, 115007 (2010).
[28] J. Hisano, K. Ishiwata, N. Nagata and T. Takesako, JHEP 1107, 005 (2011).
[29] J. Hisano, K. Ishiwata and N. Nagata, Phys. Rev. D 87, 035020 (2013).
[30] J. J. Cao, W. Y. Wang and J. M. Yang, Phys. Lett. B 706, 72 (2011); A. Dedes and
D. Karamitros, Phys. Rev. D 89, 115002 (2014); K. Cheung, R. Huo, J. S. Lee and
Y. L. S. Tsai, arXiv:1411.7329 [hep-ph]; G. G. di Cortona, arXiv:1412.5952 [hep-ph].
[31] R. J. Hill and M. P. Solon, Phys. Lett. B 707, 539 (2012); R. J. Hill and M. P. Solon,
Phys. Rev. Lett. 112, 211602 (2014); R. J. Hill and M. P. Solon, Phys. Rev. D 91,
043504 (2015); R. J. Hill and M. P. Solon, Phys. Rev. D 91, 043505 (2015).
[32] J. Billard, L. Strigari and E. Figueroa-Feliciano, Phys. Rev. D 89, 023524 (2014).
[33] M. Drees and M. Nojiri, Phys. Rev. D 48, 3483 (1993).
[34] A. J. Buras, Rev. Mod. Phys. 52, 199 (1980).
[35] J. Hisano, R. Nagai and N. Nagata, arXiv:1502.02244 [hep-ph].
[36] R. D. Young and A. W. Thomas, Phys. Rev. D 81, 014503 (2010).
[37] H. Ohki et al. [JLQCD Collaboration], Phys. Rev. D 87, 034509 (2013).
[38] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Phys. Lett. B 78, 443 (1978).
[39] J. F. Owens, A. Accardi and W. Melnitchouk, Phys. Rev. D 87, 094012 (2013).
[40] M. Ibe, S. Matsumoto and R. Sato, Phys. Lett. B 721, 252 (2013).
[41] D. J. Broadhurst, P. A. Baikov, V. A. Ilyin, J. Fleischer, O. V. Tarasov and
V. A. Smirnov, Phys. Lett. B 329, 103 (1994).
33
[42] W. A. Bardeen, A. J. Buras, D. W. Duke and T. Muta, Phys. Rev. D 18, 3998
(1978).
[43] T. Inami, T. Kubota and Y. Okada, Z. Phys. C 18, 69 (1983).
[44] A. Djouadi and M. Drees, Phys. Lett. B 484, 183 (2000).
[45] L. Vecchi, [arXiv:1312.5695].
[46] E. G. Floratos, D. A. Ross and C. T. Sachrajda, Nucl. Phys. B 152, 493 (1979).
[47] A. Gonzalez-Arroyo and C. Lopez, Nucl. Phys. B 166, 429 (1980).
[48] P. L. Cho and E. H. Simmons, Phys. Rev. D 51, 2360 (1995).
[49] K. A. Olive et al. [Particle Data Group Collaboration], Chin. Phys. C 38, 090001
(2014).
[50] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 90, 052004 (2014).
[51] V. Khachatryan et al. [CMS Collaboration], Eur. Phys. J. C 74, 3076 (2014).
[52] [ATLAS and CDF and CMS and D0 Collaborations], arXiv:1403.4427 [hep-ex].
[53] K. G. Chetyrkin, B. A. Kniehl and M. Steinhauser, Nucl. Phys. B 510, 61 (1998).
[54] S. Dinter et al. [ETM Collaboration], JHEP 1208, 037 (2012).
[55] M. Cirelli, N. Fornengo and A. Strumia, Nucl. Phys. B 753, 178 (2006); M. Cirelli,
A. Strumia and M. Tamburini, Nucl. Phys. B 787, 152 (2007); M. Cirelli and A. Stru-
mia, New J. Phys. 11, 105005 (2009); M. Farina, D. Pappadopulo and A. Strumia,
JHEP 1308, 022 (2013).
[56] R. Essig, Phys. Rev. D 78, 015004 (2008).
[57] T. Hambye, F.-S. Ling, L. Lopez Honorez and J. Rocher, JHEP 0907, 090 (2009)
[Erratum-ibid. 1005, 066 (2010)].
[58] J. Hisano, D. Kobayashi, N. Mori and E. Senaha, Phys. Lett. B 742, 80 (2015).
[59] N. Nagata and S. Shirai, JHEP 1501, 029 (2015).
[60] N. Nagata and S. Shirai, Phys. Rev. D 91, 055035 (2015).
[61] T. Abe, R. Kitano and R. Sato, arXiv:1411.1335 [hep-ph]; T. Abe and R. Sato, JHEP
1503, 109 (2015).
[62] S. M. Boucenna, M. B. Krauss and E. Nardi, arXiv:1503.01119 [hep-ph].
[63] M. Kadastik, K. Kannike and M. Raidal, Phys. Rev. D 81, 015002 (2010);
M. Kadastik, K. Kannike and M. Raidal, Phys. Rev. D 80, 085020 (2009) [Erratum-
ibid. D 81, 029903 (2010)].
[64] M. Frigerio and T. Hambye, Phys. Rev. D 81, 075002 (2010); T. Hambye, PoS IDM
2010, 098 (2011).
[65] Y. Mambrini, K. A. Olive, J. Quevillon and B. Zaldivar, Phys. Rev. Lett. 110, 241306
(2013).
34
[66] L. M. Krauss and F. Wilczek, Phys. Rev. Lett. 62, 1221 (1989).
[67] L. E. Ibanez and G. G. Ross, Phys. Lett. B 260, 291 (1991); L. E. Ibanez and
G. G. Ross, Nucl. Phys. B 368, 3 (1992).
[68] S. P. Martin, Phys. Rev. D 46, 2769 (1992).
[69] M. De Montigny and M. Masip, Phys. Rev. D 49, 3734 (1994).
[70] Y. Mambrini, N. Nagata, K. A. Olive, J. Quevillon and J. Zheng, arXiv:1502.06929
[hep-ph].
35
